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Abstract. The rapid proton capture process on accreting neu-
tron stars is investigated with the use of the current nuclear
data and extended nuclear reaction networks. A simple but cru-
cial model is adopted to investigate the detailed nucleosynthesis
during the burst: the plane parallel (one zone) model. Compared
with the results of Hanawa et al. (1983), significant differences
are found. The peak temperature becomes higher due to the rapid
break out from the hot CNO cycle. The amount of the fuel left
after the burst depends on the still uncertainQ-values of(p, γ)
reactions for nuclei like68Se. It is also demonstrated that the
uncertainties in the nuclear data should influence significantly
the profile of the light curve in the burst models.
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1. Introduction

It has been widely accepted that type I X-ray bursts from low
mass X-ray binaries (LMXBs) are due to thermonuclear run-
aways in accreted materials on the surface of neutron stars (e.g.
Taam 1985, Lewin et al. 1993, Bildsten 1998). Detailed evolu-
tionary calculations have been performed taking into account the
nuclear process during the flash (e.g. Fujimoto et al. 1987, Taam
et al. 1996). Recent observations of LMXBs by the Rossi X-Ray
Timing Explorer have revealed several important new features
related to X-ray bursts. For example, a burst from 4U 1728–
34 would be produced by the spin modulation of a localized
thermonuclear hot spot on the surface of a rotating neutron star
with a millisecond period (Strohmayer et al. 1998) where kilo-
hertz quasi-periodic oscillations (QPOs) are discussed related
to the models to constrain the mass and radius of the neutron
star. Furthermore, analyzing the burst observation of Cyg X-2,
Smale (1998) suggested super-Eddington bursts which resulted
from the photospheric expansion. Also he inferred the source
distance using an assumed neutron star mass as high as 2M�
which seems to be consistent with an estimate of Kaaret et al.
(1997) for different observations of QPOs. However, the super-
nova 1987A could have produced a black hole of∼ 1.5M�
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(Brown & Bethe 1994) which could not be compatible with the
above estimates. Therefore, we can say that recent observations
of X-ray burst phenomena provide new challenges to both the
model of bursts and the theory of neutron star structure.

On the other hand, many nuclear data have been revised and
accumulated in these years, some of which may affect the mod-
eling of X-ray bursts. The nuclear process in the proton rich
environments was investigated in detail by Wallace & Woosley
(1981) where the rapid proton capture process (rp-process) was
first proposed. Recently the rp-process has been investigated
extensively from a point of the fundamental nuclear process
(see e.g. Wormer et al. 1994, Rembges et al. 1997, Schatz et al.
1998). In those series of the papers, they investigated nuclear
flows under the condition of constant temperature and density
or the assumption of “adiabatic expansion” to see the effects
of uncertainties of nuclear physics. Among all, Schatz et al.
(1998) analyzed the relation between the nuclear data and the
rp-process which would occur at extreme temperature and den-
sity conditions with the use of a large nuclear reaction network.
However, more plausible models which simulate the thermonu-
clear flash would be very necessary to examine how the re-
vised nuclear data affect actually physical conditions during the
flash. Unfortunately, at present it is difficult to perform multi-
dimensional hydrodynamical calculations which include both
general relativity in the strong field and the complete nuclear
reaction network. Therefore, a simple but crucial model which
represents a thermonuclear flash phase is very useful to extract
the effects of physical inputs on the flash.

In the spirit of the one zone model of constant pressure,
explosive nucleosyntesis (Hashimoto et al. 1983) and the rp-
process (Hanawa et al. 1983, hereafter HSH) were investigated
in detail with the use of large networks. In the calculations of
the rp-process, they have shown clearly that not only the nu-
cleosynthesis proceeds appreciably beyond56Ni but also ap-
preciable amounts of the nuclear fuel of hydrogen and helium
are left if the peak temperature exceeds109 K for the pressure
of P >∼ 3 1022 dyn cm−2; it was suggested that the unburnt
fuel may be responsible for the X-ray bursts at 10 minute in-
terval. Using their approximate network, Fujimoto et al. (1987)
investigated X-ray bursts in detail with the evolutionary calcu-
lations of an accreting neutron star. Unfortunately, HSH did not
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discuss how the uncertainties of the initial abundances and the
nuclear data affect the thermonuclear history during the flash;
since then there have been many revisions of the nuclear data
related to the rp-process, it should be worth while investigating
the effects of the new data on the flash. For example, uncertain-
ties ofQ-values of the proton capture must influence the path in
the nuclear chart and therefore the time scale of the burst (see
e.g. Schatz et al. 1998), because the path of the rp-process is
almost along the proton drip line after the leakage from the hot
CNO (HCNO) cycle.

In the present paper, we will investigate the thermonuclear
flash with the use of an extended network up to94 Kr based
on the network constructed by Hashimoto & Arai (1985) which
will be coupled to the thermodynamical equation for the flash as
was done by HSH. In our calculation, we will use the up-to-date
nuclear data and other physical inputs like screening factors.
Then, by considering that the nuclear process for the rp-process
has been examined by Wormer et al. (1994) and Schatz et al.
(1998) in detail, special attention will be paid rather to see the
effects of the uncertainty of nuclear data on thermal histories of
the shell flash related to the fuel left unburnt.

In Sect. 2, we describe a type I X-ray burst model which
presents characteristic features of the thermonuclear flash in ac-
creting neutron stars. Physical data incorporated in our network
are explained in Sect. 3. Computational results for the rp-process
during the flash are presented in Sect. 4 in connection with un-
certainties of the nuclear data. Discussion and conclusions are
given in Sect. 5.

2. Type I X-ray burst model

As a type I X-ray burst model for the rp-process, we adopt a
plane parallel approximation by Fujimoto et al. (1981). This
model is reasonable enough to investigate the nuclear process
during the shell flash if we assume that physical quantities are
averaged over the accumulated layers, hydrostatic equilibrium
is maintained, and the configuration is spherically symmetric.
In fact, Hashimoto et al. 1983, and HSH have performed the
calculation of the nucleosynthesis under these assumptions. Let
us summarize the formulation of the model for the following
discussion.

A hydrostatic equilibrium equation to determine the struc-
ture of the accreting neutron star is written as follows:

dP

dMr
= −GMr

4πr4

(
1 − 2GMr

rc2

)−1/2

. (1)

Here,P is the pressure andMr is the rest mass contained interior
to the radiusr. For a plane parallel configuration which can be
legitimate as far as the ratio of the radius to the pressure scale
height is as large as103, the column mass densityΣ and the
surface gravitygs are introduced. Using the total gravitational
massMt, the accreted proper mass∆M and the radiusR at the
surface, they are defined as follows:

Σ =
∆M

4πR2 = 1.6 1020 ∆M/M�
(R/10 km)2

g cm−2, (2)

gs =
GMt

R2 V = 1.3 1014 Mt/M�
(R/10 km)2

V cm s−2, (3)

whereV = (1 − 2GMt/Rc2)−1/2 is the general relativistic
correction factor of Schwarzschild metric. We haveV = 1.3 and
log gs = 14.4 for a model withMt = 1.4M� andR = 10 km.
The amount of accreted matter∆M/M� can be estimated from
10−13 to 10−11 (Fujimoto et al. 1987).

Eq. (1) is integrated and reduced to be a constant pressure if
we adopt a plane parallel approximation:

P = 1022 g14 Σ8 dyn cm−2, (4)

whereg14 = gs/1014 cm s−2 and Σ8 = Σ/108 g cm−2 are
considered to be parameters which are assumed to be con-
stant during the burst. For example, around the ignition, we
haveΣ8 ∼ 2.5 for g14 ∼ 1 with the helium mass fraction
X(4He) ∼ 0.25 and that of CNO elementsZCNO ∼ 0.02 (Fu-
jimoto et al. 1987).

The energy equation is written as

cp
dT

dt
= εn − εν − εrad, (5)

whereT is the temperature,cp is the specific heat at the constant
pressure,εn is the nuclear energy generation rate, andεν is
the neutrino energy loss rate byβ-decays associated with the
nuclear reactions. The neutrino loss due to the direct interactions
between electrons and neutrinos can be neglected during the
flash. Radiative energy loss rateεrad is approximated by

εrad =
4ac

3κ

T 4

Σ2 (6)

= 1.5 1017 T 4
9 (1 + 2.2 T9)

(µe

2

)
Σ−2

8 ergs g−1 s−1,

whereT9 = T/109 K, a is the radiation density constant and
µe is the mean molecular weight per electron which in the early
phase of the flash would be approximated to beµe = 2/(1+X)
with the hydrogen mass fractionX, when hydrogen is dominant.
For opacityκ, the Compton scattering opacity is adopted (e.g.
Ebisuzaki et al. 1983).

The nuclear reaction network has been coupled to the ther-
modynamical equations throughεn. The rate equations of abun-
dance are written as follows:
dy0

dt
= −

∑
lm...n
01...k

λlm...n
01...k y0y1 · · · yk

+
∑

lm...n
01...k

λ01...k
lm...nylym · · · yn. (7)

Here the first and second terms account for the destruction and
production, respectively, of the 0-th abundancey0 andλlm...n

ij...k

expresses the rate of reaction or decayi + j + · · · + k −→
l + m + · · · + n, wherei · · · n denote the species of par-
ticles concerned: nucleus, neutron, proton, electron, positron,
neutrino, antineutrino, and photon.

Once a set of parameters(P, g) or (P,Σ) is specified, using
the initial values of temperature and abundances, we can get den-
sity and other thermodynamical quantities for the next time step
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Table 1.Elements included in the nuclear reaction network.

elements A elements A elements A

H 1–3 Al 22–31 Mn 46–64
He 3–6 Si 24–34 Fe 47–65
Li 6–8 P 27–38 Co 50–66
Be 7–10 S 28–42 Ni 51–68
B 8–12 Cl 31–45 Cu 56–71
C 11–14 Ar 32–48 Zn 57–74
N 12–15 K 35–49 Ga 60–77
O 14–20 Ca 36–50 Ge 61–80
F 17–22 Sc 39–51 As 64–83
Ne 17–24 Ti 40–53 Se 65–84
Na 20–27 V 43–55 Br 68–89
Mg 20–29 Cr 44–58 Kr 68–94

from the equation of state. Here the total pressureP consisted
of the contributions from partially relativistic and/or degenerate
electrons and positrons in thermal equilibrium, ions, radiation,
and the Coulomb interactions (Slattery et al. 1982, Yakovlev &
Shalybkov 1989):

P = Pe + Pion + Prad + PCoul. (8)

We note that in the calculation ofcp, we have taken into account
the effects of non-ideal gas asP . The maximum temperature
Tmax can be estimated fromP = Prad:

Tmax = 2.5 109
(

P

1023 dyn cm−2

)1/4

K. (9)

Here, the region is assumed to be radiation dominated around
the peak of the flash. HSH have examined the shell flashes for
22 <∼ logP <∼ 23 and 13.8 <∼ log gs <∼ 15.0; During the
shell flash, the peak temperature in units of109 K ranges from
T9p ' 1–2 and the corresponding density ranges fromρ '
5 105–2 106 g cm−3.

3. Thermonuclear reaction rates, physical inputs
and initial conditions

In the investigation by HSH, the nuclear reaction network in-
cluded 274 nuclides from1H to 84 Kr. The nuclear reactions are
assumed to proceed through(p, γ), (α, γ), (3α, γ), (α,p), and
their reverse reactions, andβ+-decays. Considerable progress
in nuclear physics near the proton drip line has been reported
in these 10 years (e.g. see the review by Schatz et al. 1998). We
have extended the nuclear reaction network to include 463 nu-
cleides in which the reaction rates in the network developed by
Hashimoto & Arai (1985) have been replaced by the current ones
(see Table 1). Our previous network (hereafter, HA85) which
corresponds to cases A and B in Table 2 has used the compila-
tion of the reaction rates by Fowler et al. (1975), Woosley et al.
(1975, 1978), Wallace & Woosley (1981), Harris et al. (1983),
Caughlan et al. (1985). The elements included in our new reac-
tion network are shown in Table 1 which corresponds to case C
in Table 2. For completeness, we have also included the neutron

Table 2.Half lives andQ-values of the(p, γ) reactions in units of keV
which determine the waiting point during the shell flash and the final
products.

case A case B case C
Waiting point t1/2 Q(p,γ) t1/2 Q(p,γ) t1/2 Q(p,γ)

56Ni 6.1 d 691 6.1 d 767 6.1 d 767
64Ge 64 s 9 64 s 129 64 s 169
68Se 1.6 m −261 1.6 m −450 36 s −0.97

channels of(n, γ), (n,p), (n, α) and their reverse reactions. As
for the weak interaction processes, we have addedβ−-decays
and electron captures by Fuller et al. (1980, 1982). These nuclear
data are taken from the data base REACLIB1. Some reaction
rates have been also included in connection to the calculations
of nucleosynthesis in novae (Wanajo et al. 1998): the reactions
(p, γ) for the nuclei of23,24Al, 26Si, 27P, 30S, 31,32Cl, 34,35Ar,
and35 K are taken from Herndl et al. (1995). Those for25Mg
and25Al are taken from Iliadis et al. (1996) and the isomeric
state of26Al is separated from the ground state atT < 4 108 K
and treated as a different nucleus (Wanajo et al. 1998). We note
that theβ-decay half life of68Se in REACLIB is replaced from
1.6 min to 35.5 s (e.g. Horiguchi et al. 1996). Furthermore, we
have replaced the rate of13N(p, γ)14O in the above REACLIB
by the new one (Rayet 1998) which includes the new experi-
mental results (e.g. Keiner et al. 1993); this reaction is crucial
for the break out from the HCNO cycle. For simplicity, we have
not included such a 2p-capture process as suggested by Schatz
et al. (1998). To investigate the effects of theQ-values and the
reaction rates on the thermal history, we have performed the
calculations for three cases as shown in Table 2. For case B,
they are taken from Schatz et al. (1998), and for case C, they are
from REACLIB. With the above modifications of the nuclear
data, numerical computations are carried out in case A and case
B by HA85, and in case C we use the updated network of Ta-
ble 1. Screening factors for the thermonuclear reaction rates are
taken from Ogata et al. (1991), and Ichimaru & Ogata (1991).
It should be noted that the screening effects play an important
role forρ >∼ 107 g cm−3.

It has been known that the amounts of CNO elements in the
burning shell affect the thermonuclear history of the flash (e.g.
Fujimoto et al. 1987). For example, we have∆M ∝ Z−0.5

CNO at

the ignition and the ignition temperatureTig ∝ Z
1/9
CNO (Bildsten

1998).ZCNO ranges from10−2 to 10−3 and other heavier ele-
ments could be transferred from the companion star. Since these
initial abundances are rather uncertain, we assumeX(1H) =
0.73, X(4He) = 0.25 andX(14O) = 0.007, X(15O) = 0.013
from theβ+-decay saturated HCNO cycle as was done by HSH:
denoted as HCNO in Table 3. We also assume the solar system
abundances as an alternative initial composition, since often so-
lar seeds have been adopted to study the nuclear process (e.g.
Rembges et al. 1997): they are denoted as Solar in Table 3.

1 http://csa5.lbl.gov/∼fchu/astro/friedel.html.
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Fig. 1.Comparison of the energy generation
rate under the constant temperatureT9 = 1.5
and densityρ = 106 g cm−3. Solid line is
the results with the use of new rates (REA-
CLIB) and dotted line is those with old rates
(HA85).

For all computations, the initial temperature is set to be
1.5 108 K; the initial density is obtained from the equation of
state. This assumption does not affect the computational results,
becauseTmax is attained just after the main nuclear energy is
released.

4. Computational results

In Fig. 1, we compare the nuclear energy generation rates under
the condition ofT9 = 1.5 andρ = 106 g cm−3 for REACLIB
(case C) and HA85 (see also Wormer et al. 1994). We cannot
discern the appreciable differences between them: the effects of
uncertainties of nuclear data are not clear. This is not the case
for X-ray bursts as described below.

According to the spherically symmetric models, to ignite
the shell flashes we haveΣ8 >∼ 1.2 (Hanawa & Fujimoto 1982).
However, the parameters cannot be specified well from the one-
zone model, because the ignition conditions depend sensitively
ondM/dt, helium abundances, andZCNO. Therefore, we have
selected the following parameter sets of the pressure and the
surface gravity: (logP , log gs) = (22.75, 14.5), (22.9, 14.75),
(23, 14.25), (23, 14.5), and (23, 14.75), respectively; these are
the cases with an appreciable amount of hydrogen left unburnt
after the flash (see HSH) which are relevant to the present in-
vestigation. It is noted that in these ranges of parameters, we
see that9 10−13 <∼ ∆M/M� <∼ 4 10−12 for R = 10 km.

Let us study the effects of uncertainties of the nuclear data
on the shell flash using the typical parameter (logP , log gs)
= (23, 14.75) with the initial composition HCNO. Before the
stage of the flash, the HCNO cycle is regulated by intervening
β+-decays; the energy generation rate is governed by the stable
hydrogen burning ofεH ' 1014 (ZCNO/0.02) ergs g−1 s−1.
Then, the shell flash begins to occur as is seen from Fig. 2. Note
that the scale of the lower abscissa corresponds to cases A and
B, and that of the upper one corresponds to case C. The nuclear

process over a shell flash can be classified in three categories.
ForT9 <∼ 0.3, HCNO cycle operates rather slowly. BeyondT9 >∼
0.3, break out from HCNO cycle occurs very rapidly through the
reactions of14O(α,p)17F and15O(α, γ)19Ne which trigger the
explosive combined hydrogen and helium burning. The ignition
of the flash leads to the first sharp peak in the energy generation
rate as seen in Fig. 2 which shows the formation of the iron peak
elements. The second peak corresponds to the formation of56Ni.
Transition from56Ni to 64Ge makes the third peak; the peaks in
cases A and B is wider compared with case C due to the effects
of the differentQ-values for64Ge. A small difference between
cases A and B is seen fort ∼ 350–360 s because the transition
of the abundance peak from64Ge to68Se affects the decrease in
the energy generation. WhenT9p >∼ 1, the rp-process proceeds
appreciably beyond56Ni. The nucleosynthesis depends on the
Q-value of the waiting nuclei; The nuclei shown in Table 2 play
an important role to determine the rp-process path. In particular,
theQ-value of68Se(p, γ)69Br is not yet known; proton drip line
along some key nuclei is uncertain. Schatz et al. (1998) assumed
theQ-value of−450 keV and described the uncertainty inQ-
values of (p,γ) reactions.

From Fig. 3, once the breakout from the HCNO cycle oc-
curs, the nuclear flash leads to the peak temperatureTp. The
typical changes in the temperature and the density can be seen
in Fig. 4. However, comparison of Figs. 5 and 6 reveals that
new reaction rates change the time variation of compositions
significantly; break out from the HCNO cycle is appreciable for
case C before the depletion of14,15O. Consequently, before the
shell flash begins the rp-process proceeds up to the formation
of 40Ca and52Fe through successive (p,γ) and (α,p) reactions
changing the nucleosynthesis path byβ+-decays; this leads to
steep rise in temperature during the flash phase due to abundant
seed heavy nuclei as seen in Figs. 3 and 6. Then, compared with
case B or HSH, more nuclear energy has been released when
the flash begins; higher peak temperature is attained as illus-
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Fig. 2.Comparison of the energy generation
rate during the flash for the models of logP =
23, loggs = 14.75. Solid line: case A, dotted
line: case B (scale of the lower abscissa), and
dashed line: case C (scale of the upper one).

Fig. 3. Time variation of the temperature
during the flash for the same models as in
Fig. 2.

trated in Fig. 4: the locus extends to lower density for case C.
The effects of theQ-values are clear as inferred from Table 2.
For case A, the waiting point results from the decays of64Ge
and 68Se. For case B, decay of68Se corresponds to the final
waiting point. For case C, decay of72 Kr might lead to a new
waiting point as suggested by Mathews (1991). The large dif-
ferences in theQ-values for64Ge(p, γ)65As affect the degree
of the decrease in the tails as seen in Figs. 2 and 3. When the
temperature decreases down to2 108 K, only weak interactions
are active. As is seen from Tables 3 and 4, thefinal products at
this temperature depend significantly on the nuclear data, which
could affect the modeling of type I X-ray bursts in especially
10 minutes intervals.

We should note that since the thermal history is crucial to
X-ray bursts as is shown in Figs. 2, 3, and 4, the condition of the
constant temperature and density or an artificial assumption of
“adiabatic expansion” (e.g. Rembges et al. 1997) is inadequate
to investigate the nuclear process during the shell flashes.

We can examine how the shell flashes are affected by the
initial compositions as shown in Table 3. Since the solar seeds
have more heavy elements ofZ > 8, the elapsed time to the
peak temperature is shorter than that for HCNO by an order of
magnitude. However, the values of the peak temperature and
the amounts of the final products are similar for both initial
compositions though hydrogen is rather consumed for the initial
Solar abundances by the seed nuclei. Therefore, as far as the
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Fig. 4.Same as Fig. 2 but for the changes of
the temperature and the density during the
flash.

simple one zone model is concerned, it is reasonable to adopt
the initial compositions as HCNO.

The radiative luminosity is given asLrad = 4πR2Σεrad,
whereΣ andR are fixed in our sequence of calculations. Then,
light curve of our model is characterized in terms ofεrad as
shown in Fig. 7. We should note that profiles of the light curves
are affected significantly by the different nuclear data. On the
other hand, the Eddington luminosityLEdd in the local frame
is given by

LEdd =
4πcGMt

κ

(
1 − 2GMt

rc2

)−1/2

=
2.5 1038

1 + X
V ergs s−1. (10)

With the use of the corresponding Eddington luminosityεEdd =
cgs/(κΣ), we could obtain

Lrad

LEdd
=

4a

3
T 4

Σ gs
=

T 4
9

Σ8 g14
. (11)

It appears thatLrad > LEdd if T9 > 1 (see Tables 2 and 4).
However, it should be noted that the condition ofTmax > 109 K
is satisfied around the bottom of the burning shell in the actual
situation: in evaluatingLrad, R would be the radius of the pho-
tosphere andκ will be different layer by layer inside the neutron
star atmosphere. Then,Lrad remains belowLEdd as long as both
the spherically symmetric configuration (Hashimoto et al. 1993)

and hydrostatic equilibrium are assumed (see also Ebisuzaki et
al. 1983).

In Table 4 we presented the final abundances with the use of
the nuclear data of case C for several sets of parameters which
had been performed by HSH. We can see that the final products
depend on the peak temperature and the radiative energy loss
rate; contrary to the results of HSH, if loggs <∼ 14.5 andT9p >∼
1.5, the main final products are not68Ge but74Se and74 Kr. This
indicates that the waiting point is beyond68Se and the flow of
abundances will be beyond Kr isotopes. However it must be
noted that the final products and/or the amount of the fuel left
after the flash depend on both theQ-value of68Se(p, γ)69Br
seen in Table 3 and the radiative energy loss rate which may be
too simplified for our one zone model.

5. Discussion and conclusions

Using a simple but crucial model of the thermonuclear flash on
accreting neutron stars, we have shown that the nuclear data
near the proton drip line affect the rp-process significantly: the
energy generation rate (peak temperature) as shown in Figs. 2, 3
and 4. The amounts of the fuel left after the flash (final products)
are shown in Figs. 5 and 6. Thefinal products are summarized
in Tables 3 and 4. As a consequence, the profile of the light
curve must be affected also as shown in Fig. 7. Compared with
HSH, break out from the HCNO cycle is so rapid that iron peak
elements have been produced before the flash. Contrary to the
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Fig. 5.Changes of mass fractions during the
flash. Case B of logP = 23, loggs = 14.75.

Fig. 6. Same as Fig. 5 but for case C.

large differences in the rp-process attributed to the various nu-
clear data, the differences are quantitatively very small between
independent calculations of the explosive nucleosynthesis in su-
pernovae (e.g. Hashimoto et al. 1989, Thielemann et al. 1990)
because the supernova nucleosynthesis proceeds under the con-
dition of approximately nuclear statistical equilibrium.

It is noted that, since our network is limited to Kr isotopes,
we should extend it to include the nuclei ofZ > 36 for the
high temperature cases withP >∼ 1023 dyn cm−2 as pointed
out by Schatz et al. (1998) though the flow beyond Kr depends
on theQ-value of waiting nucleus68Se; only in the deepest
accreted layer the rp-process beyond Kr would proceed appre-
ciably (see Fig. 5 in Fujimoto et al. 1987). Therefore, it is highly

needed to determine the proton drip line from Ge to Kr isotopes
(Mohar et al. 1991, Henncheck et al. 1994, Blank 1995).

While our one zone model represents rather well the flash
phase, convection must be actually taken into account. Fujimoto
et al. (1987) demonstrated the importance of the mixing process
to explain bursts of very short intervals like 10 minutes X-ray
bursts (e.g. Murakami et al. 1980). They used spherically sym-
metric evolutionary code, and the helium abundances averaged
in the burning shell are assumed with the use of an approximate
network of the previous version of HSH. It should be noted that
the mixing process is still very uncertain. Therefore, one zone
approach is still very useful to see how the rp-process will be
affected by the change of the nuclear data and other physical
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Fig. 7. Light curves with the same parame-
ters as in Fig. 2.

Table 3. Final mass fractions after the shell flashes of logP = 23, loggs = 14.75 whenT9 = 0.2 with the different initial compositions
andQ-values.T9p is the peak temperature in109 K andtp is the elapsed time until the peak temperature is attained. HCNO means the initial
abundances of theβ+-decay saturated HCNO cycle. Solar means the solar system abundances.

nucleide HCNO Solar HCNO Solar
case A case B case A case B case C

T9p 1.28 1.28 1.29 1.29 1.50 1.51
tp 3.44(+2) 3.44(+2) 3.90(+1) 3.90(+1) 2.54(+2) 7.49
1H 2.35(−1) 2.23(−1) 2.01(−1) 1.87(−1) 2.46(−1) 2.02(−1)
4He 3.08(−2) 3.05(−2) 3.01(−2) 2.98(−2) 2.74(−2) 2.66(−2)
56Ni 1.43(−4) 1.66(−4) 1.70(−4) 1.98(−4) 3.15(−3) 3.96(−3)
64Zn 1.37(−1) 1.62(−2) 1.65(−1) 2.20(−2) 3.72(−3) 5.09(−3)
64Ga 5.66(−2) 7.13(−3) 6.64(−2) 9.60(−3) 2.61(−3) 4.24(−3)
65Ga 1.50(−2) 7.48(−3) 1.61(−2) 9.03(−3) 2.22(−3) 3.00(−3)
64Ge 4.06(−3) 5.45(−4) 4.19(−3) 6.43(−4) 3.37(−4) 6.60(−4)
68Ge 2.49(−1) 3.38(−1) 2.52(−1) 3.57(−1) 1.17(−1) 1.27(−1)
68As 1.23(−1) 1.77(−1) 1.22(−1) 1.87(−1) 6.07(−2) 7.90(−2)
68Se 2.70(−2) 4.07(−2) 2.51(−2) 4.05(−2) 9.87(−4) 1.81(−3)
72Se 3.63(−2) 5.34(−2) 3.46(−2) 2.68(−3) 1.31(−1) 1.38(−1)
72Br 1.80(−3) 2.92(−3) 1.55(−3) 2.68(−3) 1.45(−2) 1.97(−2)
73Br 8.15(−3) 1.23(−2) 7.09(−3) 1.13(−2) 7.83(−2) 8.69(−2)
74Kr 5.12(−3) 7.33(−3) 4.14(−3) 6.10(−3) 9.42(−2) 8.94(−2)

inputs. Though the detailed multi-dimensional hydrodynamical
calculation would be desirable, even the spherical calculation of
stellar evolution should be highly necessary to see the effects of
uncertainties of nuclear data. Then, approximate network which
simulates nuclear energy generation rates should be employed
in realistic calculations as is done by Fujimoto et al. (1987).

Recent observations of quasi-periodic oscillations may con-
strain the mass and radius of neutron stars. For example, analyz-
ing the LMXB 4U 1636-536, Kaaret et al. (1997) suggested that
the mass and the radius of the neutron star are around 2.0M�
and 9.0 km, respectively, which is nearly compatible with the
maximum state derived from the equation of state by Friedman

& Pandharipande (1981). Then, we have loggs = 14.75 with
V = 1.7. A neutron star ofMt = 1.1M� andR = 10 km has
log gs = 14.25 withV = 1.22 which state is reproduced by the
equation of state AV14+UVII by Wiringa et al. (1988). Taam et
al. (1996) adopted a star ofMt = 1.4M� andR = 9.1 km; log
gs = 14.5 withV = 1.35. Therefore, our parameters are within
the range of more realistic X-ray burst models.

Related to the rp-process, Chakrabarti et al. (1987) pointed
out the possibility inside a thick accretion disk around a stellar
mass black hole. Recent calculations of nucleosynthesis inside
thick accretion disks have suggested that significant nuclear pro-
cessing would occur if a viscosity is low (e.g. Arai & Hashimoto
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Table 4. Final mass fractions after the shell flashes for calculated
models with the HCNO initial compositions. All models are computed
by case C.

log P 22.75 22.90 23.00 23.00 23.00
log gs 14.50 14.75 14.25 14.50 14.75

T9p 1.41 1.38 1.91 1.75 1.50
tp 5.24(+2) 1.29(+3) 1.44(+2) 1.52(+2) 2.54(+2)
1H 1.77(−1) 1.66(−1) 3.22(−1) 2.88(−1) 2.46(−1)
4He 3.73(−2) 3.63(−2) 1.46(−2) 1.82(−2) 2.74(−2)
56Ni 9.49(−3) 1.32(−2) 1.72(−5) 4.18(−4) 3.15(−3)
64Zn 2.09(−2) 2.46(−2) 2.09(−4) 3.67(−4) 3.72(−3)
64Ga 1.33(−2) 2.43(−2) 4.88(−10) 3.85(−4) 2.61(−3)
65Ga 8.08(−3) 1.25(−2) 5.53(−6) 3.85(−4) 2.22(−3)
64Ge 1.56(−3) 4.56(−3) 7.32(−16) 7.74(−5) 3.37(−4)
68Ge 1.67(−1) 1.98(−1) 1.95(−3) 1.30(−2) 1.17(−1)
68As 7.87(−2) 1.49(−1) 4.45(−10) 1.01(−2) 6.07(−2)
69As 2.31(−2) 2.98(−2) 5.49(−5) 5.80(−3) 2.02(−2)
68Se 1.07(−3) 4.70(−3) 9.81(−18) 3.40(−4) 9.87(−4)
72Se 1.17(−1) 1.10(−1) 2.96(−3) 2.64(−2) 1.31(−1)
73Se 9.23(−2) 4.62(−2) 1.08(−2) 6.01(−2) 1.14(−1)
74Se 2.23(−3) 3.76(−4) 4.06(−1) 5.79(−3) 2.39(−3)
72Br 1.12(−2) 2.02(−2) 1.17(−14) 4.80(−3) 1.45(−2)
73Br 5.82(−2) 4.46(−2) 4.07(−8) 5.74(−2) 7.83(−2)
74Br 2.71(−2) 5.94(−3) 1.06(−1) 9.43(−2) 3.07(−2)
74Kr 7.87(−2) 2.25(−2) 6.77(−3) 3.66(−1) 9.42(−2)
75Kr 1.46(−3) 2.78(−4) 4.92(−6) 1.72(−2) 1.55(−3)

1992, 1995); it may be promising for the rp-process to occur if
hydrogen is mixed into the hot interior material. Though the
disk model is still rather uncertain, it is worth while to inves-
tigate the nucleosynthesis using another model like advection
dominated disk; if it occurs, some accretion disks could give an
important site of nucleosynthesis even in the early stage of the
universe.

Finally, we want to stress the difference of the available re-
action rates. We employed REACLIB and compared the results
with the old rates, many of which seem to be still surviving.
The database of another reaction rates (HW92)2 in which reac-
tion rates are tabulated in specified temperature grids has been
mostly adopted in our cases A and B except for some reactions in
Caughlan & Fowler (1988). It must be noted that if we compare
individual rates in two databases, many of them have significant
deviations in the temperature range of0.1 <∼ T9 <∼ 10 which is
relevant in the present investigations. In particular, as the tem-
perature becomes higher, say,T9 >∼ 1.0, differences become
larger; in part due to the different treatment of the level density.
Let us evaluate the ratiof of the reaction rate given by REACLIB
to HW92. For example, one hasf = 0.09 for 68Se(p, γ)69Br
in T9 = 1.5, andf = 0.3 for 56Ni(p, γ)57Cu in T9 = 1.0.
Even for the lower temperature,f = 61 for 17F(p, γ)18Ne and
f = 76 for 13N(p, γ)14O in T9 = 0.5. However, it must be
noted thatf = 2.5 for European Compilation instead of REA-
CLIB for 13N(p, γ)14O (Rayet 1998, see also the experimental
value by Kiener et al. 1993). Though the effects of these dif-

2 http://csa5.lbl.gov/∼fchu/astro/hw92−1.html.

ferences on X-ray burst phenomena are not always clear, we
should be careful of the uncertainty of reaction rates.
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